Abstract: In this work, we investigated the chemical constituents of hydrodistillation essential oil from the aerial parts of Artemisia frigida Willd. All together 14 components were identified by GC-MS. Moreover, we tested the fumigant and contact activities of the essential oil and its five major individual compounds (terpinen-4-ol, verbenone, camphene, α-terpineol and α-terpinyl acetate) against Liposcelis bostrychophila, Lasioderma serricorne and Tribolium castaneum. In fumigant toxicity tests, α-terpineol possessed the strongest activity (LC50 = 3.27 mg/L air) against L. serricorne. Terpinen-4-ol exhibited the strongest activity (LC50 = 0.08 and 3.74 mg/L air respectively) against L. bostrychophila and T. castaneum. As for contact toxicity, terpinen-4-ol and α-terpinyl acetate exhibited fair toxicity against L. bostrychophila (LD50 = 33.10 and 31.80 µg/cm 2 respectively) and L. serricorne (LD50 = 8.62 and 8.87 µg/adult respectively), and camphene possessed the strongest activity (LD50 = 5.13 µg/adult) against T. castaneum. The results indicated that A. frigida essential oil and its individual compounds had the potential to be developed as natural fumigants and insecticides for control of these three stored-product insects.
Plant Source
Fresh aerial parts of A. frigida were collected in August 2016 from Lanzhou City (36°01' N latitude and 103°45' E longitude), Gansu Province, China. The species was identified by Dr. Liu, Q.R.
A voucher specimen (BNU-dushushan-20160808) was deposited at the Faculty of Geographical Science Beijing Normal University.
Previous Studies
Artemisia frigida Willd., a perennial semi-shrub distributed in the heavily grazed grasslands in Inner Mongolia Autonomous Region and the northern part of China, is a commonly used medicinal material in Mongolian traditional folk medicine to treat joint renal heat, abnormal menstruation, swelling, and sore carbuncle. A literature survey has shown that A. frigida extracts have contact activity and fumigant activity against L. bostrychophila and Sitophilus zeamais, however, the study only tested the bioactivities of essential oil from A. frigida and seldom mentioned its bioactive compounds [1] . To the best of our knowledge, the essential oil from A. frigida has never been previously reported to have fumigant and contact activities against L. serricorne and T. castaneum adults.
Present Study
Here we analyzed the chemical composition of the essential oil of A. frigida aerial parts and further investigated the fumigant and contact activities of its crude oil and its individual constituents against L. bostrychophila, L. serricorne and T. castaneum adults, and tried to find bioactive compounds. 2  3  4  5  6  7  8  9  10  11  12  13  14   997  1032  1086  1117  1124  1145  1156  1177  1188  1206  1350  1493  1506   996  1031  1080  1122  1124  1146  1152  1172  1190  1195  1367  1491  1506 Yogomi Chemical components determination was carried out through GC-MS and GC-FID analysis. The essential oil was extracted from the aerial parts of A. frigida with the yield of 0.4% (v/w) and the density of 0.938 g/mL. The GC-MS and GC-FID analysis results for the A. frigida essential oil were summarized in Table 1 . Total 14 components were identified in A. frigida essential oil and the sum of these components was accounted for 95.1%. The main components were camphor (45.0%), 1,8-cineole (14.4%), yogomi alcohol (6.5%), terpinen-4-ol (5.1%), camphene (3.7%), 6-camphenol (3.6%), borneol (3.5%), artemisia alcohol (3.1%), α-terpineol (2.6%), α-terpinyl acetate (2.0%), β-bisabolene (1.9%) and verbenone (1.6%). Among these compounds, we selected five major compounds (terpinen-4-ol, verbenone, camphene, α-terpineol and α-terpinyl acetate) to test the bioactivities against three stored product insects along with A. frigida essential oil.
These results were different to those reported in the published literatures. For example, A. frigida essential oil collected from Inner Mongolia province mainly contained cis-ρ-menth-2-en-1-ol (20.8%), 1,8-cineole (12.0%), borneol (10.2%), lavandulol (9.3%) and camphor (6.9%) [1] . The main components of A. frigida essential oil collected from Central Alberta Prairies, Canada, were camphor (20.6%), 1,8-cineole (25.1%), chrysanthenone (7.4%), borneol (8.1%) and camphene (4.1%) [2] . And the essential oil of A. frigida collected on the catchment area of Lake Baikal showed that samples from different populations all have these components: 1,8-cineole (6.6-23.4%), camphor (3.6-35.9%), borneol (6.1-7.0%), terpinen-4-ol (4.2-14.1%), bornyl acetate (1.1-6.0%) and germacrene D (1.4-5.0%) [3] . It was believed that the variety of harvest time, regional habitat conditions and growing years might result in an obvious difference in the composition of the volatile oil. On the other hand, those studies also found some common compounds, such as camphor and 1,8-cineole, the finding was corresponded with previous research that bornane derivatives and 1,8-cineole were major characteristic components of many essential oils of Artemisia species [4] . We have tested the bioactivities of A. frigida essential oil and five major individual compounds (terpinen-4-ol, verbenone, camphene, α-terpineol and α-terpinyl acetate). The results of fumigant assays for the oils are presented in Table 2 . In fumigant toxicity tests, the essential oil extracted from the aerial parts of A. frigida showed pronounced toxicity against L. bostrychophila, L. serricorne and T. castaneum with LC50 values of 0.52, 4.53 and 6.79 mg/L air respectively. When it came to L. bostrychophila adults, terpinen-4-ol exhibited the strongest fumigant toxicity of LC50 = 0.80 mg/L air. Verbenone was 1.7 times less toxic than terpinen-4-ol and α-terpinyl acetate was 4.8 times less toxic than terpinen-4-ol, however, these two compounds were not so much effective against L. serricorne in our fumigant toxicity measure range and their LC50 values could not be calculated (LC50 > 50.0 mg/L air). Although α-terpineol has weakest fumigant against L. bostrychophila, it has the strongest activity against L. serricorne (LC50 = 3.27 mg/L air). Compared with the positive control (dichlorvos, LC50 = 1.35 × 10 -3 mg/L air; phosphine, LC50 = 9.23 × 10 -3 mg/L air), the fumigant toxicities of A. frigida essential oil and its compounds against L. bostrychophila and L. serricorne were weaker. However, compared with the fumigant activity of the other oils reported in the literature which were tested using a similar bioassay, the essential oil obtained in the present study exhibited the same or stronger fumigant toxicity against L. bostrychophila and L. serricorne, e.g. the A. frigida essential oil possessed the same level of fumigant toxicity to L. bostrychophila as that of Ajania fruticulosa essential oil (LC50 = 0.65 mg/L air) and the same level of fumigant toxicity to L. serricorne as that of Artemisia mongolica essential oil (LC50 = 6.08 mg/L air) [5, 6] . When it came to T. castaneum adults, the essential oil and its components exhibited fair toxicity and they had fumigant activity from LC50 = 3.74 mg/L air to 7.09 mg/L air. Although terpinen-4-ol also exhibited the strongest fumigant toxicity (LC50 = 3.74 mg/L air) which was just 2.14 times less toxic than the positive control (MeBr, LC50 = 1.75 mg/L air), it was not obviously different from camphene (LC50 = 4.10 mg/L air) since their 95% confidence limit values overlap with each other.
The results of contact assays for the essential oil and its compounds against L. bostrychophila, L. serricorne and T. castaneum adults are presented in Table 3 . Compared to the fumigant toxicity, the contact toxicity was more remarkable against L. bostrychophila and L. serricorne. Except for camphene and α-terpineol with negligible toxic effects (LC50 could not be calculated under the tested concentrations in the preliminary test) against L. bostrychophila and T. castaneum respectively, all of the other compounds analyzed showed toxic effects against these three stored product pests. The crude oil was always less contact toxic than its compounds against these three stored product pests. When it came to L. bostrychophila adults, terpinen-4-ol and α-terpinyl acetate showed similar contact activity (LD50 = 33.10 and 31.80 µg/cm 2 ) since their 95% confidence limit values overlap with each other and they were just about 1.7 times less toxic than the positive control (pyrethrins, LD50 = 18.72 µg/cm 2 ). As for L. serricorne, terpinen-4-ol and α-terpinyl acetate exhibited fair contact activities of LD50 = 8.62 µg/adult and 8.87 µg/adult respectively. Except for α-terpineol, other four major individual compounds had activities from LD50 = 5.13 to 9.60 µg/adult against T. castaneum adults and camphene exhibited the strongest contact toxicity (LD50 = 5.13 µg/adult).
By the structural analysis, terpinen-4-ol, α-terpineol and α-terpinyl acetate had the similar structures, however, the insecticidal activities of them are quite different. In fumigant tests, α-terpinyl acetate possessed weaker activity than terpinen-4-ol and α-terpineol which might due to its ester fragment. Moreover, in our previous work, oxygen-containing groups had been found to enhance the insecticide activities of essential oils [15] , e.g. camphor, which has a similar structure to camphene, was reported to possess a fumigant activity of LC50 = 0.43 mg/L air against L. bostrychophila by Liang et al [5] . Comparing camphor to camphene, the former had stronger fumigant toxicity and it had a ketone group. In our tests, terpinen-4-ol, verbenone and α-terpinyl acetate all had oxygen-containing groups and they have been certified to possess fair contact activity. It was reported that essential oils from plants and their constituents can be useful alternatives to conventional insecticides and fumigants due to no residues dangerous of stored food treated with such products for human health and environmentally safe [16] [17] [18] . This work indicates that the A. frigida essential oil and its individual constituents have potential to be developed into natural insecticides for the control of insects in stored products. However, further studies also should be focus on evaluating the efficacy, safety and cost of the essential oil and its compounds in a wide range of practical storage applications.
